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SECTION I

INTRODUCTION

This report describes measurements of two important kinds of

electron collisions with gas atoms and molecules. One of these is

collisions of electrons with oxygen molecules resulting in the produc-

tion of the lowest metastable state of the oxygen molecule, i.e., the

a A state. The second process is the production of free-free radiationg

in collisions of electrons with argon atoms, i.e. the collisions of electrons

with atoms resulting in the production of photons with a wide range of

wavelengths.

Electron collisions with the oxygen molecule are an important energy
1

loss mechanism in the earth's ionosphere and in the plasmas produced

2
by charged particle beams. In addition, some of the excited states

produced by these collisions are potentially important sources of stored

1
energy, e.g., the oxygen molecules in the lowest metastable state a A

g

can efficiently transfer energy to iodine and so excite the atom.

4,5
In this report we describe the extension of our earlier measurements

of the excitation of 0 (a A) metastables in 0 -Ar mixtures to include
2 2

measurements in 02-N2-Ar and 02-N2 mixtures.

The measurement of emission coefficients for the production of free-free

radiation in collisions between electrons and argon atoms was an unexpected

bonus for the present drift tube experiments. As will be discussed in

Section IV, the collision cross sections and associated emission coeffi-

cients for this process are much smaller than molecular metastable excita-

tion coefficients, e.g., the maximum value of the free-free excitation

coefficient for our 1.3 pnm detection system is 10 - to 10 - of the maximum

1/



value for excitation of the 0 2(a A) metastable. This low ratio is roughly

balanced out by the fact that every infrared or visible photon produced by

the free-free process is emitted from the drift tube whereas a maximum of

about 1 in 2000 of the O 2 (a lA) metastables escapes quenching and emits

a photon. These measurements of free-free radiation are of special signi-

ficance because for the first time one can make measurements under well

controlled conditions of the absolute intensities of the free-free radiation

produced by electron collisions with atoms and molecules. The resultant data

is of importance because of the usefulness of free-free radiation as a

diagnostic technique6'7 and because free-free radiation can be a significant

source of emitted radiation in a low mean-energy, high electron density

8
plasma. One property of free-free radiation which has only begun to be

exploited is absence of a delay time between the electron-atom collision

and the emission of a photon.

Section II of this report contains a discussion of the experimental

technique and of the models used to interpret the observed signals.

Section III contains a brief review of the experimental apparatus and of

the data processing. The results of the measurements of the excitationI!
coefficients for the 0 (alA) state in 0-N2-Ar and 02-N mixtures are

2 22 2a2

presented in Section IV. In Section V we summarize the measurements of

the free-free emission coefficients for electrons in Ar and compare these

results with theoretical predictions. Our conclusions and recommendations

are presented in Section VI.

2



SECTION II

THEORY OF THE MEASUREMENTS

A schematic of the drift tube technique used for determination of

excitation and emission coefficients is shown in Fig. 1. UV radiation from

a continuously operating 100 W high pressure mercury lamp is passed through

broad band interference filters centered at 190 nm and then through a quartz

window coated on the inside with a semi-transparent, cathode film of evapor-

ated Pd-Au. The resulting photoelectrons enter the gas-filled, parallel

plate drift tube. The anode voltage is modulated so as to periodically

apply a known electric field E and so produce electrons with a modulated

mean energy. These electrons may excite the 02 molecules to the a1 A state

which can radiate photons at 1.27 pm in forbidden transitions to the

X3 - ground state of 0 Since the radiative lifetime of these metastablesg
9 29

is very long9 (3900 sec), most of the metastables will be destroyed by

diffusion to the drift tube electrodes or by collisional quenching. A high

density of Ar atoms is used to reduce the diffusion loss. At best, about one

molecule in 2000 is able to radiate at 1.27 pm. In about one out of 108

collisions between electrons and argon atoms a free-free photon is emitted

and leaves the drift tube. When the ratio of the argon density to the

oxygen density is large, e.g., 2000:1, the free-free emission is comparable

with the 1.27 pm emission.

i. Oxygen measurements

Since the theory of this experiment has been discussed in detail in

4 5
the previous final report and has been published , we will give only a very

brief review in this report. The radiated power P at 1.27 pm reaching the

3
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detector from the drift tube in the absence of filters, etc. is given by

P hvA T n[a]dV , (1)
T7rj
V

where hv is the photon energy, A is the measured radiative transition proba-

bility as corrected for collision induced radiation by the buffer gas,
9 ,10

AQ is the solid angle of the detector as seen from the center of the drift

tube and n is the efficiency of photon collection from various parts of the

drift tube relative to that at the center. The density of O2(alAg) meta-

stables [a] is obtained from the solution of the continuity equation

3[a] _ DV2[a] - (kdN + A)Ia] + k Nn , (2)
at e e

where D is the effective metastable diffusion coefficient for the mixture,

kd is the effective rate coefficient for metastable destruction by 02 and

by Ar at the total gas density N, and n is the electron density. Here the

electron excitation rate coefficient k is given bye

k e f vQa(E) 1/2 f(E)d (3)
0

where v and e are the electron speed and energy, Q a(E) is the cross section

for electron excitation of the 0 (a A ) state, and f(c) is the normalized
2 g

electron energy distribution appropriate to the 0 2-Ar mixture and to the value

1of E/N used. Here we assume that any excitation of the 0 (a A ) state by
2 g

cascading from higher excited states is rapid on the time scale of these

experiments and is included in "ke .

The coefficients describing the destruction of metastables in this

experiment are determined from measurements of the time dependence of the

1.27 pm emission. The diffusion term in Eq. (2) adds greatly to the difficulty

5



of quantitative analysis of the emission data and the reader is referred to

reference 11 for a detailed discussion. For the present purposes we will

limit the discussion to high gas densities where

kd >> A + D(i/L)2
, (4)

where L is the distance between the drift tube electrodes. In this limit

the metastable density is given by

k Nn
[a] = e e -Yt -_ai (i - e -Y t )  (5)

Y eyAc

where k N = aw , e and w are the electron charge and drift velocity, i ise e e

the total current, y = k dN is the decay constant and A is the area of thed c

cathode. The radiated power is a maximum Pmax when [a] = ai/eyAc .

Equations (1) and (5) yield an expression for a/N in terms of the directly

measured quantities P , y, i, and L and the calculated current correctionmax

factor q and geometrical correction factor G. Thus, at high gas densities

c/N is given by

P

a eyq 47 max
N ALNGI AP h(

The reader is referred to reference 11 for the general formula for a/N and

for a discussion of the effects of diffusion, the definitions of q and G, etc.

The (0-0) band of the alA -X 3E system at 1.27 pm was isolated from most
g 9

of the scattered radiation from the UV lamp by an interference filter with 75%

peak transmission at 1.32 pm and a 0.147 Um FWIM. The value <f i> of the

filter transmission function was calculated7 using the emission band profile

12
of Wood, et al. and the measured filter transmission. As discussed pre-

viously4 .5 the near coincidence of wavelengths and transition probabilities

for the 0-0 and 1-1 transitions means that our measurements are independent

6



of the ratio of populations in the v-I and v-0 levels of the 0 2(aA) state.

Self absorption of the 1.27 Pm radiation by the 02 is negligible for the

low 02 densities of these experiments.
9

2. Free-free emission measurement

For our purposes it is convenient to divide the free-free emission

continuum into a number of spectral bands of frequency width dv and to regard

the collision process leading to emission of radiation in this band as an

inelastic collision process for the electrons in the drift tube. The

spectral intensity I in units of photons per unit voluem and per unit

frequency interval per sec is given by
6 ,7

I v nNdv 'v 1/2 Nd\)Iv - n eN v v Q ff(E) E/2 f(E) de = kff M n eN V . (7)

Here again n and N are the electron and neutral atom or molecule densities,e

f(E) is the normalized electron energy distribution and Qff(e,hv) is the

cross section for emission of a photon of energy h by the free-free process.

The results of various theoretical calculations of Qff(-) for electrons

in argon are discussed in Section IV.

The signal reaching the photon detector is obtained by integrating

Eq. (1) over the drift tube volume and over frequency, i.e.,

AP
SffJ Vd dV kff(v) neNfw(v)D(v) fi(V) C fl (8)

where f (c) is the fractional transmission of the windows between the colli-
w

sion chamber and the detector, D(v) is the responsitivity of the detector

per photon, amplifier and recording system as a function of v, fi(v) is the

fractional transmission of the interference or other filter inserted between

the collision chamber and the detector, AQc is the solid angle of the detector

as seen from the center of the collision chamber, and n is the efficiency

7

II I I i i l I IIi i i , % . .



of the detection system at various points in the collision chamber relative

to that at the center of the chamber.

Equation (8) can be rewritten as

NA2 od

Sff f 4 fc f w (v ) k ff(v) D(v) fl() V x f nendV (9)
0 v ()

We define a geometrical factor Gff by the relation

Gff = f n eldV/f n dV w (10)e e
V V1

We note that Gff is equal to the G factor defined by Lawton and Phelps11 in

the limit of no diffusion, i.e., D O. This factor is evaluated in the Appen-

dix of this report. In the usual case of a slow variation in fw, kff(v) and

D(v) with v compared to that of f i(v), the integral over v can be written as

fW(vo)kff(v )D(v )<f > Av. Here <f >Av is the "area" under the filter

transmission curve.

Since the electron density varies as n = n exp (ax/L), Eq. (9) cane o

now be written as

NA G -a i L
c ff (1-e ) (vkf v)vSf m 4- a ec fw (v o ) kff(vo) D(vo)<f > - ' (11)

5ff 4r a ewe w o of 0 ~ i (11)e

where a (aa- i )L, a and ai are the attachment and ionization coefficients

per unit distance, L is the separation of the cathode and anode of the drift

tube, i is the electron current leaving the cathode and e and w are the
c e

11
electron charge and drift velocity. As discussed previously, we replace

the electron component of the drift tube current i (l-e -a)/a by i/q, where
c

i is the total drift tube current and

q (aL Le-a ) (le-a)- (12)

The quantity q is to be calculated from separate measurements or calcula-

tions of a and aa I

8



Next we recall that the reference signal S reaching the detector
r

from the black-body or incandescent source is given by

Sr  Arar f fr(V) fe(V) P(v) B(V) D(v) f i(V) dv , (13)
0

where AO is the solid angle of the detector as seen from a limiting aperturer

of area ar, f r() is the transmission of the windows between the reference

source and the collision chamber, C(V) is the emissivity of the reference

source, B(v)dv number of photons per second emitted by a black-body

per unit of surface and per unit solid angle. Here the reference source

is assumed to be large enough to completely fill the aperture as seen from

the detector. Using these relations we find that

Sff NA Gf i If w(V)kff(v)D(v)f(v)dv/v

S 4RAQ a eWeq 00r

r rar e f r()f (v)(v)B(v)D(v)f.(v)dv

k (v )<f >(Av/vi)
all (14)

411AM a ew q f (V ) E(v)B(v)f(v)dv
r r e r i

If we define a free-free excitation coefficient a ff (Vi) by

a ff (V) kff(Vi)N/we  
(15)

then

aff(VI) Cff q Sff (16)

N Gff iNSr

9



where(vd
here rearof r(v)fw v)c(v)B(v)D(v)f i(v)d\

Cff(V1 ) r rf0 (17)
AlgoC L CO Jfw( ) kff(Vj) D(d

4fAQr ear f r(vi )
r rr > f (v)c(v)B(v)dv

or 4TAS ea ffr(A)fw(X)C(A)B'(A)D' (A)fi(A)d(

Cff(Ai) AQ Lr ( (18)

I f (X f (M kf (C X !L D (A . dX
w)i )  kff(c/IA) j 2

4A afr(Ai) Xi if(X) (X)B(X)dX

AO L<hV /e> f d
c i F d

0
where

D'(X) - D(X)/hV and hvB(v)dv B'(A)dA

We note that the formula for determining aff(vi)/N from the experi-

mental data, i.e. Eq. (16), is very much like Eq. (17) of Lawton and Phelps"

for determining a b/N for the o2(b
1 Z) metastables. Instead of the ratio of

the metastable decay constant X1 to the radiative transition probability A,

Eq. (14) contains the ratio AVIV . The constant C given by Eqs. (17) andii

(18) is the same as for Lawton and Phelps except for the different

10



"averaging" of f iv). We also note from Eq. (14) that in order to obtain

as large a signal as possible one should make Av as large as possible,

e.g., use broad band filters rather than the narrow band filters used for

line radiation. The filter transmission characteristics f i(v) and the

detector responsivity D(v) used in the calculations of Cff were taken from

manufacturer's specifications. The values of kff(v)/kff(vi) were calculated

6
using the same theory as Rutscher and Pfau. The window transmission

functions f (V ) and f (vi) are calculated from the indices of refraction.

The correction for ionization and attachment was negligible for measurements

in pure Ar.

It is important to keep in mind that throughout this paper we have not

followed the usual convention of expressing the free-free emission in terms

of a spectral intensity, i.e., cross section or excitation coefficient

per unit spectral bandwidth, but rather have defined cross sections and

rate coefficients per fractional bandwidth. This unconventional formulation

has the advantages of yielding numbers which are independent of units used

to measure bandwidth and of yielding cross sections and excitation coefficients

which are readily compared with cross sections and excitation coefficients

for the production of excited states which emit lines or molecular bands.

In our experiments the fractional bandwidth of the detection system is

typically 0.1.

11
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III. EXPERIMENTAL APPARATUS AND PROCEDURE

The drift tube shown in the schematic of Fig. 1 is the same as the one

used in references 4, 5 and 11. The electrode spacing was 38.4 mm and the

cathode diameter was 60 mm. The accelerating voltage ranged from 100 to

1200 V and the total current in the on-period was 0.02 to 0.09 pA. Measure-

ments are reported with 1 to 5% 02 in Ar at the total gas densities of
024 o2×125 m- 3

1024o 2 xl to m . After 02 of 99.99% specified purity was admitted to

the drift tube from a liquid-N cooled, storage reservoir, Ar of nominal
2

99.999% purity was fed into the tube directly from a high pressure cylinder.

The gases were allowed to mix for at least one half hour.

For measurements at 1.27 pm the period of the zero-based square wave

voltage applied to the anode was varied from 10 to 25 sec depending on the

decay constant of the alA state. This data recording period was followedg

by a dead tine of 15 sec for the computer processing to be described later.

A liquid-N 2 cooled intrinsic germanium detector had a responsivity and NEP

X 9  an- 1 1 5  -1/2
(noise equivalent power) of 7 × V/W and I × WHz -  , respectively,

at 1.3 pm. The signal from the dc output of the detector for step function

IR input signal consists of rapidly and slowly rising components, the time

constants of which were about 10 msec and 3 sec, respectively. As described

in detail in reference 4, this problem was overcome by using an amplifier con-

taining differentiation and addition circuits which compensate for the 3 sec

response and partially compensate for the 10 msec response. The compensa-

tion circuits were adjusted for a square wave output signal using the

chopped signal from the black-body as an input signal.

A minicomputer was used as a data acquisition and analyzing system.

The signal for the compensated amplifier was sampled every 40 to 100 msec

12



depending upon the period of the anode voltage. A set of data was stored

4,5
in the computer and then analyzed to reject spikes due to cosmic rays.

Ten to twenty sets of data were additively accumulated in the computer

memory and then analyzed by a least-squares fitting procedure.

The measurement of the sensitivity of the detection system for infrared

radiation emitted from the center of the collision chamber was made using a

black-body source mounted on the opposite side of the drift tube from the

detector. An aperture of 1.50 mm diameter was placed in front of the source

0.47 m from the detector so as to reduce the black-body signal. When the

temperature of the source was 490 K the intensity at the detector was com-

parable to that observed for the 02(a
1Ag) emission and was large compared to

the thermal background signal. A chopper in front of the source modulated

the black-body emission with a period of 20 sec, which was also comparable

to that used for recording the a A emission. The spatial variation of theg

detection efficiency was measured using a small diffuse light source

which was scanned over the drift region. The results of this type of

measurement are summarized in the Appendix of reference 5.

The detection system and reference light source for the measurements of

free-free emission at 500 and 700 nm was the same as that described by

Lawton and Phelps.11 An interference filter with 68% transmission and a

band pass of 65 nm FWHM was used for the measurements reported for 500 nm.

Measurements near 700 nm were made using a red-pass filter with 50% trans-

mission at 670 run and a uv sensitive, multialkali photomultiplier with a

"cutoff" at about 800 run. The principal difficulty encountered in these

measurements was that of the calibration of the neutral density filters

used to reduce the signal from the standard lamp to values in the linear

range of the photon counting system. We estimate an uncertainty of

+20% for the resultant measured excitation coefficients.

13



IV. 0 2(a A) EXCITATION COEFFICIENTS

In this Section we summarize the results of measurements of the

coefficients for electron excitation of the 02(a A) metastables in 0 2-N 2-Ar

mixtures and in 02-N2 mixtures. As in our earlier measurements with 0 2-Ar

mixtures, the Ar was used to reduce the loss of 02 (a1A) molecules by

diffusion to electrodes. Fortunately, the rate coefficient for the quench-

ing of the 02 (a A) metastables by N2 is low enough, i.e., about 8x10-2 5 m 3/sec,

so that it was possible to also make measurements using only the N to limit
2

the diffusion loss of the 0 (a A) metastables. Note that emission from the
2

1st positive band of N2 near 1.3 1im is readily separated from the 02 (a A)

emiaslon because of the large difference in the decay time constants, i.e.,

the N2(BA g) lifetime
15 is much shorter than that of the 02(a1 ) metastables.

The results of our measurements of 02(a 
1A) excitation rate coefficients

per oxygen molecule are shown by the points in Fig. 2 as a function of the

mean electron energy <E> for various mixtures of 029 N2 and Ar. This format

was chosen to display the data since the excitation rate coefficients as a

function of mean electron energy are expected to vary slowly with the gas

mixtures. The measured a/N vs E/N values are converted into rate coefficients

k vs <E> using theoretically calculated values of w and <6> vs E/N. The
total gas densities used varied from 1025 a3

m at the lower E/N to I

2 xO 124 m 3 at the higher E/N and higher N2 concentrations.

The smooth curves of Fig. 2 show the calculated excitation coefficients

for these mixtures. The calculations of the electron energy distributions,

excitation coefficients drift velocities and mean energies were carried out

using a modification of the electron-O collision cross section set of

2

14
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Lawton and Phelps in which the relative vibrational excitation peaks were

brought into better agreement with theory and their magnitudes adjusted

16
to fit recent electron drift velocity data for 0 and air at <c> < 0.3 eV.

2

The electronic excitation cross sections of importance here were unmodified.

We used the electron-N2 cross section set of Pitchford and Phelps;
17 and

25

the electron-Ar cross section set discussed by Tachibana and Phelps.
5

The lower solid curve shows the predicted excitation coefficient under the

assumption of only direct excitation of the 02 (a A) state, while the upper

solid curve is calculated assuming that all of the electronically excited

02 molecules cascade to the a A state. The dashed curve is calculated

assuming that none of the O( D) atoms formed by dissociative excitation of

the 0 (B 3 E-) state transfer their energy to the 0 (blE) state and are2 u 2

subsequently collisionally deexcited to the a A state.

Collisional cascading efficiencies have been calculated using the rate

coefficients given in Table 1. and are listed in Table 2 for various mixtures.

In these calculations of the efficiency of excitation transfer from the O( D)

atoms it is assumed that all collisions with 02 molecules lead to excitation

of 0 (blE) molecules. It is also assumed that the excitation of 0 states
2 2

represented by the 4.5 and 6.0 eV energy thresholds cascades to the

02 (blE) state with 100% efficiency. At a mean electron energy of 2 eV

excitation via the 4.5 and 6.0 eV states accounts for about 45% of the

k values shown in Fig. 2. The fractional efficiencies F (Z), F2 ( Z)

and F3 (l correspond to the quenching of 02 (b E) molecules to the 02(X3E)

ground state by Ar and N2, by N2, and by Ar, respectively. Since the data

obtained with 5% 02-5% N2-90% Ar appear to be inconsistent with the other

16



Table I

RATE COEFFICIENTS FOR COLLISIONAL DEEXCITATION

OF EXCITED OXYGEN*

Excited State 0 2(a I) O2(b 2) 0( D)
Quencher

02 1.5(-24) 3.9(-23)b  4.1(-17)c

N 2  2.2(-21)d  
2 .2 (-12 )d 3.0(-17)c

Ar92) a d )e
Ar 9(-27 1.5(-23) 3(-18)

* Here 1.5(-24) means 1.5 x10-24 m3 /sec

a) See Table I in reference 5

b) reference 11

c) reference 19

d) reference 20

e) reference 21

Table II

CALCULATED FRACTIONAL EXCITATION TRANSFER EFFICIENCIES**

% 02 % N 2  X Ar F(ID) FI() F ( Z) F (IZ)

1 1 98 1.12(-) 1.05(-l) 4.1(- ) 6.3(-l)

1 2 97 1.05(-1) 6.2(-3) 2.5(-1) 7.5(-1)

1 5 94 8.7(-2) 3.1(-3) 1.16(-1) 8.9(-1)

2 10 88 1.27(-1) 3.3(-3) 6.0(-2) 9.4(-1)

5 5 90 3.3(-l) 1.55(-2) 1.23(-1) 8.9(-1)

20 80 0 2.6(-1) 4.4(-3) 4.4(-3) 1

100 0 0 1 1 1 i

* 1.12(-1) means 1.12 x10-1

See text for definitions of symbols
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data we will not consider them further. The remainder of the data is

consistent with the assumption that all of the excitation of states up to

and including the 6 eV state collisionally cascades to the 02 (a A) state.

The excitation rate coefficient rate coefficient data shown by the

solid points of Fig. 2 for average electron energies above about 3 eV are

consistent with inefficient excitation transfer from the 0( D) state to

the 0 2(b Z) state. Such low efficiencies are predicted in Table II,

especially for the low fractional concentrations of 0 which must be used
2

at the higher <C> in order to avoid loss of electrons and, therefore

signal, due to dissociative attachment of electrons to 0 2  The chain curve

of Fig. 2 shows the dependence of the attachment rate coefficient katt

per 02 molecule on the mean electron energy for these mixtures. A few

measurements of 0 2(a A) excitation coefficients were made in 0 2-N2

mixtures. The best results were obtained with 20% 02 and 80% N , a total

24 -3 -21 -20 2
gas density of 1.6 x10 m , and E/N between 8 x 10 and 8x 10 Vm

These results are compared with calculations of the 0 2(a A) excitation

coefficients in Fig. 3. Note that the coefficients shown are a/N values and

thus are normalized to the total gas density N. The upper solid curve and

the lower chain curve show the excitation coefficients predicted assuming

100% cascading and no cascading of higher excited states of 02 to the a A2I
state. The short dashed curve shows the calculated excitation coefficient

assuming that none of the 0(1 D) atoms are able to form 02 (blE) and, subse-

1
quently, 02 (a A) molecules. From the calculated excitation transfer

efficiency F( D) listed in Table II, we expect the experimental results

to fall between the solid curve and the short dashed curve. The agreement

18
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between the measurements and the calculations is satisfactory when one

considers the relatively poor signal to noise caused by the rapid loss of

02 (a A) molecules due to diffusion in the absence of the Ar buffer gas.

In one set of observations we measured the 1.27 pm emission from pure

02. In this case the 02 density and E/N were varied from N = 6.4 xlO23 
m - 3

and E/N = 8 x10 - 21 Vm2 to N - 1 x0 m and E/N = 7 x 10-20Vm

Since the time constants of the excited state decay were too short to

measure at the low signal to noise ratios of these measurements, they

were calculated from the other measurements of diffusion and collisional
5-il-

deexcitation coefficients.
5 The values used were 3.9 sec and 20 sec 1

at oxygen densities of 6.4 x1023 and 1 x1O24  , respectively. The resultant

experimental excitation coefficients for the 0 2 (a A) state by electrons in

pure 02 are compared with theoretical values in Fig. 3. As discussed above,

the cross sections used in these calculations were modified from those of

11
Lawton and Phelps. We consider the agreement between experiment and

theory to be satisfactory in view of the lack of measurements of the decay

constant Y.

In our interpretation of the measurements of 0 2 (a A) excitation shown

in Figs. 2 and 3, we have not considered the possible contributions from

electronically excited N . One such contribution to our observations could

be the transfer of excitation from the electronically excited states of N2,

3 1e.g., the A E state, to the a A state or to states of 0 which cascade to
2

the alA state. This process could have contributed about 30% of the signal

observed at E/N - 7 X 120 Vm2 for the mixture of 20% 0 and 80% N as shown
22

22in Fig. 3. Zipf has recently observed efficient (60 + 30%) formation of

N20 in the collisions of N2 (A
3Z) with 02, so that alternate deexcitation

paths are available. Deexcitation of the N 2 (A 3E) molecules by N2 is

slow2 3 and can be neglected in our experiment.

20



V. FREE-FREE EMISSION COEFFICIENTS

In this section we summarize the results of measurements of the

free-free emission coefficients for electrons in Ar. Figure 4 shows an

example of the infrared emission signals which led to the conclusion

that the drift tube technique could be used to measure free-free emission

coefficients. This waveform was obtained during measurements of O2(alA)

production in a mixture of 0.05% 02 in Ar at a total gas density of 
1025 m- 3

-21 2
and an E/N of 3 x1O Vm . The exponentially rising and falling portions

of this waveform are interpreted as emission from 0 2(a LA) molecules at

1.27 Jim and yield excitation coefficients consistent with those reported

in references 4 and 5. When the exponentially varying portions are

subtracted from the observed waveform one is left with a rectangular waveform

which we interpret as free-free emission emitted in collisions between

electrons and argon atoms. This interpretation is supported by the results

of measurements in pure Ar. In this case only the rectangular component

of the waveform was observed.

Averaged values of free-free emission coefficients for pure Ar at wave-

lengths near 1.3 pm are calculated from the observed magnitude of the infra-

red signal using Eq. (16) and are shown as a function of E/N by the squares

in Fig. 5. Similarly, the triangles and the circles of Fig. 5 show the

averages of results of measurements near 700 and 900 nm, respectively.

A better indication of the spread in the experimental data is obtained from

the linear plots of free-free emission coefficient versus wavelength for

-21 2 -2
E/N values of 3 XlO Vm (squares) and 2 x12l Vm2 (triangles) in Fig. 6.

In order to compare the various theoretical predictions of free-free

emission for electrons in argon, we have shown in Fig. 7 the theoretical

21
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cross sections for this process as a function of electron energy. The

cross section QB(E,hv) is that for the production by electron of energy E

of photons of a particular energy hv (1.78 eV) per unit fractional band

width. The Rutscher and Pfau6 expression for this cross section is

(ch)=4 ct3 ( -hv 12) (c-hv)I1/2, Q( (19)

ff ) 3nRy 1/2 Qm(c)

where a is the fine structure constant and Ry is the Rydberg (13.6 eV).

Our calculations of Qff(c,hv) using Eq. (19) are shown for a photon

energy of 1.77 eV by the points in Fig. 7. As in reference 5, the

momentum transfer cross sections used in these calculations were those

of Milloy, et al. 2 4 below 4 eV; those of Fletcher and Burch 25 above 8 eV;

and a smooth interpolation at intermediate electron energies. The solid curve
26

is interpolated from tabular cross sections obtained by Geltman, while

the dashed curve is calculated from the absorption coefficients obtained

27 28

by Askin. Other calculations of free-free transition for argon do not

present results suitable for this comparison. Since the differences among

these theoretical cross sections are well within our experimental scatter,

we have used Eq. (19) in the remainder of this investigation.

The solid curves of Figs. 5 and 6 are the result of calculations of

free-free emission coefficients which we have made using Eq. (19) for the

free-free emission cross section and the electron energy distributions

which we have calculated. Thus, Eq. (7) can be written as

kff waff/N ( h sQff(E) f(C) de (20)

Our electron energy distributions were calculated using the electron-Ar

collision cross section data discussed above and in reference 5.
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The dashed curve of Fig. 6 was obtained by interpolation of graphs of

6
calculations by Pfau, Rutscher and Winker. The somewhat lower emission

coefficients obtained by these authors are presumably the result of the

use of somewhat larger electron-Ar collision cross sections with a resultant

lower mean electron energy at a fixed E/N.

The agreement between experiment and theory is generally better at

longer wavelengths and lower E/N. The relatively large experimental

coefficients at E/N values above 4 x 10 -21 Vm2 at 700 nm and 1.3 pm are probably

the results of the emission of line radiation by highly excited Ar atoms.

This excess emission was even more pronounced in data obtained at 1.3 Om

in 02-At mixtures, when the E/N was raised to values very close to those

causing electrical breakdown.

The generally good agreement between experiment and theory, i.e.,

discrepancies of less than 25%, shown in Fig. 6 is in contrast to the factor

of three to four discrepancy found using the shock tube technique.
2 9

Absolute measurements of free-free emission signals from electrical dis-

charges in Ar are reported for wavelengths from 300 to 500 nm by Vasileva,

30
Zhidanova and Mnatsakanyan and for 480 nm by Golubovskii, Kagan and

31
Komarova were about (75 + 20%) and (100 + 20%), respectively of their

theoretical values. Representative data obtained by these authors is shown

in Fig. 5. This agreement is remarkably good when one considers the problems

of the determination of the electron density and of the effects of electron-

electron collisions and of gas heating on the analysis of their data, and

when one notes the approximate calculations of the electron energy distri-

butions, etc., which they used. A significant advantage of these discharge

5experiments is the emission of much larger (nxl O) signals than for our

experiments. The results of Vasileva, et al. 30 and of Rutscher and Pfau6

provide the best checks of the theoretical predictions of the wavelength

dependence of the free-free emission.
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VI. SUMMARY AND RECOMMENDATION

The results presented in Section IV of this report for 02-N2 -Ar and

O 2-N2 mixtures and pure 02 are consistent with our previous results for

O 2-Ar mixtures in that the use of the recommended electronic excitation

cross section set for 02 of Lawton and Phelps yields excitation coefficients

for the a lA state of 02 in reasonable agreement with experiment. Further-

more, the results are consistent with the efficient collisional quenching

of higher excited states of 02 molecules to the 0 2 (a A) state via theo 1

02 (bl ) state as proposed by Lawton and Phelps. At the highest electron mean

energies used the results are consistent with the interception of the cas-

cading via the O( D) state in collisions with Ar atoms and N 2 molecules.

The results presented in this report provide relatively little infor-

mation regarding the vibrational excitation of the 02 molecule. This con-

clusion is the result of the fact that the measurements were made at mean

electron energies where the dominant excitation process for 02 were pro-

duction of molecules in the electronically excited states. We therefore

plan to continue with the measurements of the vibrational excitation of 02.

As discussed in our proposal, we will make use of the resonant transfer

of excitation of vibrational excitation from 02 to the asymmetric stretch
32

mode of CS2, with the subsequent emission of 
radiation near 6.5 pm.

The results presented in Section V of this report show, for the first

time, the usefulness of the electron drift tube technique for the measure-

merit of free-free emission coefficients for electrons in gases. As shown

by our results, this technique makes possible measurements of free-free

emission coefficients under much more accurately known experimental conditions

for a wide selection of mean electron energies (1.6 to 4.2 eV) than
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r
I

was possible using the discharge technique and leads to much more repro-

ducible results than does the shock tube technique. The free-free emission

coefficients presented in this report for electrons in argon are in agree-

ment with theoretical values to within the present experimental uncertainty.

It is recommended that these measurements be extended to molecular gases

of Air Force interest, e.g., N2, and that efforts be made to improve

the measurement techniques so as to extend the range of mean electron

energies downward.
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APPENDIX: Evaluation of Gff

In this appendix we write down specific forms of the geometrical

factor Gff defined by Eq. (10), i.e.,

L

Gff -f ne dZ/ nedz (Al)
0 0

Since for these experiments

-az
n e n ee o

we find
L

G a f e-az T(z)dz (A2)
ff (l-e -a)L o

where a 0 -ai )L.

In general one can write

n(z) Z Pn cos (nIz/L) + EQn cos (nlTz/L (A3)

and a aPn (1-nre-a) ngQn (l+e-a)

eff (1-ea) a 2 +(nit) 22+(0) 2

For the typical case of

n - A + B sin ffz/L + C(I-2z/L) (A5)

the results of Lawton and Phelps7 reduce to

Bla a r ( e 'a ) 21Gff A+ Ba(e +) + C - (A6)
(a 2 1t 2 )(ea - l) L ( 1 - e a)
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